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terrestrial	 biodiversity	 is	 in	 the	 tropics,	 and	many	of	 these	 species	 possess	 narrow	
thermal	limits,	it	is	important	to	identify	local	thermal	impacts	of	rainforest	degrada-
tion	 and	 conversion.	We	 collected	 pantropical,	 site-	level	 (<1	ha)	 temperature	 data	
from	the	literature	to	quantify	impacts	of	land-	use	change	on	local	temperatures,	and	
to	examine	whether	this	relationship	differed	aboveground	relative	to	belowground	
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cies	 distribution	models	 that	 predict	 the	 likely	 impacts	 of	 projected	
global	 climate	 change	 on	 biodiversity	 (e.g.,	 Thomas	 et	al.,	 2004).	
However,	the	majority	of	organisms	experience	temperature	at	much	
finer	spatial	scale	(Gillingham,	2010;	Suggitt	et	al.,	2011)	than	assumed	
in	 species	distribution	models	 (often	>100	km2),	 and	at	 local	 scales,	
temperature	is	more	dependent	on	local	factors	(Suggitt	et	al.,	2011)	
than	on	regional	or	global	atmospheric	circulation	(Davin	&	De	Noblet-	
Ducoudr,	 2010;	 Oke,	 1987;	 Pielke	 et	al.,	 2011;	Wiens	 &	 Bachelet,	
2010).	 One	 such	 local	 factor	 is	 vegetation	 cover,	 which	 influences	
temperature	 through	 direct	 absorption	 and	 reflection	 of	 incident	





Land-	use	 change	 can	 profoundly	 influence	 vegetation	 cover.	
Current	 and	 future	 land-	use	 change	 is	 concentrated	 in	 the	 trop-
ics,	 where	 >150	million	 hectares	 of	 forest	was	 converted	 between	
1980	and	2012	(Gibbs	et	al.,	2010;	Hansen	et	al.,	2013)	and	20%	of	
the	humid	tropical	biome	was	selectively	logged	from	2000	to	2005	

























To	 understand	 current	 and	 future	 consequences	 for	 tropical	








Indonesia	 (Ramdani	 et	al.,	 2014).	While	 General	 Circulation	Models	
are	 limited	 in	 biological	 relevance	by	 their	 coarse	 spatial	 resolution,	
observational	 studies	 are	 limited	 in	generality	by	 the	 site-	specificity	
required	 to	achieve	 their	 fine	spatial	 resolution	 (Li	et	al.,	2015).	Any	











ture.	Any	warming	 effects	 of	 land-	use	 change	 are	 likely	 reversed	 at	
night,	as	habitats	with	relatively	low	vegetation	cover	will	radiate	heat	
back	 to	 the	atmosphere	more	 freely	 (Chen,	Franklin,	&	Spies,	1995;	
Oke,	 1987).	 Water	 availability	 is	 fundamental	 in	 determining	 how	
much	thermal	energy	can	be	dissipated	through	evaporation,	and	so	
we	 also	 expect	 that	warming	would	 be	 less	 during	 the	wet	 season	
given	 the	 high	water	 availability	 (and	more	 cloudy	weather)	 relative	
to	dry	season,	and	belowground	relative	to	aboveground.	 In	the	 lat-
ter	case,	even	when	water	availability	is	very	low,	soil	buffers	external	














































































of	which	 represented	 a	 distinct	 observation.	 If	 nighttime	 data	were	






































night,	we	determined	 this	 by	 comparing	 the	 time	of	 data	 collection	
to	the	time	of	sunrise	and	sunset,	estimated	from	the	date	of	collec-
tion	 and	 the	 site	 coordinates	 using	 solar	 calculations	 developed	 by	
the	National	Oceanic	 and	Atmospheric	Administration	 (NOAA	Solar	
Calculations)	and	 implemented	 in	R	using	custom	functions	 (https://
github.com/rasenior/SolarCalc).	Our	main	analyses	use	daytime	tem-
perature	only	because	very	few	studies	considered	nighttime	tempera-







Each	 data	 point	 in	 our	 main	 analysis	 comprised	 an	 observation	 of	
daytime	temperature	in	a	particular	land-	use	type.	We	modeled	each	
temperature	observation	against	 land-	use	 type	using	a	 linear	mixed	
effects	model,	 implemented	 in	 the	 lme4	 package	 (Bates,	Maechler,	
Bolker,	&	Walker,	2015)	 in	R	 (R	Core	Team	2016).	Studies	differed	
substantially	in	methodology	and	location;	hence,	the	identity	of	the	












independently.	 For	 a	 subset	 of	 studies	with	 suitable	 data,	we	 used	













In	 total,	 25	 studies	 met	 the	 criteria	 for	 inclusion	 (Table	2).	 Studies	
spanned	 12	 countries,	 across	 every	 continent	 within	 the	 tropics	
(Figure	1),	 and	provided	113,894	observations	of	daytime	 tempera-
ture	 (Figure	2	 and	Fig.	 S1).	Most	 observations	 represented	 either	 a	
single	 temperature	observation	within	or	mean	 temperature	across,	
a	single	day	at	 the	point	 location	where	measurements	were	taken.	
Six	 studies	 reported	 temperature	 at	 a	 coarser	 temporal	 resolu-
tion	 (mean	=	107	days;	 minimum	=	14	days;	 maximum	=	183	days),	



















3.1 | Effect of land- use change
Altered	 land-	use	 types	were	substantially	hotter	 than	primary	 forest	
(LMM,	Χ2	=	29.49,	df	=	4,	p <	.001;	 Table	3;	 Figure	3),	 and	 the	mag-
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































6  |     SENIOR Et al.
caution.	Nighttime	temperature	in	degraded	forest	and	plantation	did	
not	differ	from	that	of	primary	forest	(LMM,	Χ2	=	2.09,	df	=	2,	p	>	.05;	







temperature	 (LMM,	Χ2	=	4.87,	 df	=	2,	 p	>	.05;	 Fig.	 S5A),	 or	 daytime	
minimum	temperature	(LMM,	Χ2	=	4.60,	df	=	2,	p	>	.05;	Fig.	S5B).
3.2 | Above- versus belowground
The	warming	 effect	 of	 land-	use	 change	was	much	 stronger	 above-
ground	than	belowground	(LMM,	Χ2	=	1115,	df	=	4,	p <	.001;	Table	3;	
Figure	3a).	The	average	difference	between	the	local	temperature	of	










































































































































































































































































































































































































































































































































































































































































8  |     SENIOR Et al.
land	 uses	was	 effectively	 negated	 in	 all	 land-	use	 types	 but	 pasture	
(based	on	95%	confidence	intervals;	Figure	3a).
3.3 | Dry versus wet season
Seasonality	had	some	influence	on	the	relationship	between	land-	use	




tive	to	primary	 forest	 (dry	vs.	wet	season:	+0.1°C	 in	both	degraded	





Our	 results	 show	 that	 land-	use	 change	 increases	 local	 temperature	
in	the	tropics	(Figure	3).	In	all	conditions	where	this	relationship	was	
evident,	the	temperature	rise	due	to	land-	use	change	exceeded	that	
predicted	 for	 the	 tropics	by	 the	end	of	 the	21st	Century	under	 the	






















































































land-	use	 types,	 relative	 to	 primary	 forest	 (Chen	 et	al.,	 1995;	 Oke,	




suggested	either	 no	effect	 or	 an	 extremely	weak	effect	 of	 land-	use	
change	on	temperature	extremes	and	nighttime	temperature;	clearly	
more	data	are	needed	to	reliably	test	these	relationships.










buffering	 during	 the	 wet	 season	 (cf.	 Davin	 &	 De	 Noblet-	Ducoudr,	
2010;	Findell	et	al.,	2007),	but	instead	we	found	that	seasonality	had	













tropics	 have	 experienced	 relatively	 stable	 climatic	 conditions	 (Mora	
et	al.,	2013)	and	tropical	species	possess	narrow	thermal	niches,	with	
many	already	occupying	the	upper	bounds	of	that	niche	(Deutsch	et	al.,	
2008;	 Freeman	 &	 Freeman,	 2014;	 Sunday	 et	al.,	 2014;	 Tewksbury	
et	al.,	 2008).	 Dispersal	 toward	more	 favorable	 climatic	 conditions	 is	
limited	by	low	dispersal	ability	(Van	Houtan	et	al.,	2007),	a	scarcity	of	








further	 temperature	 change,	 some	 species	 persisting	 in	 converted	









hotter	 than	 primary	 forests	 (according	 to	 95%	 confidence	 intervals;	






belowground,	 highlighting	 a	 crucial	 thermal	 refuge	 for	 species	 that	
are	able	to	occupy	the	soil,	and	suggesting	that	aboveground	micro-
habitats,	such	as	deadwood	and	epiphytes,	might	fulfill	a	similar	role	




lowground	 in	pasture	was	4°C	warmer	 than	primary	 forest;	Table	3;	
Figure	3),	but	refugia	could	at	least	provide	species	with	more	time	to	
respond	to	suboptimal	climatic	conditions	(Hannah	et	al.,	2014).


























carried	 out	 to	 integrate	 theoretical	 and	 empirical	 understanding	 of	
the	processes	that	govern	climate	at	different	scales.	This	will	greatly	
advance	 our	 knowledge	 of	 potential	 synergies	 between	 two	of	 the	







Stability	 of	Altered	 Forest	 Ecosystem	 (SAFE)	 Project,	 for	which	we	
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